Decay rates of the B-meson are studied through charmless and strangless transitions into π, ρ , ω and γ systems. The important features of these modes are their clean signatures. The CLEO II collaboration has recently reported the value BR(B 0 → π + π − ) = 1.3
Introduction
Hadronic rare B decays have recently been the subject of both theoretical and experimental interest. The estimates for these processes involve the matrix elements of four quark operators, and these did not receive much attention in the past. In this paper we propose to study a number of B decays that follow from b → u, d and have clean signatures. The calculation proceedes in two steps. The effective short-distance interaction consists of two contributions. One contribution comes from the QCD-corrected treelevel w-exchange diagram [1] , with the b → u vertex. The other contribution comes from the gluon exchanged with b → d transitions [2] . The second step is to use the factorization approximation to derive the hadronic matrix elements by saturating H ef f w with the vacuum state in all possible ways. The resulting matrix elements involve quark bilinears between one meson and the vacuum and between two meson states. These matrix elements are estimated using relativistic quark model wave functions. Such a technique has been extensively used for B and D nonleptonic decays by Bauer et al [3] and the results are consistent with experiment. These methods for b → s nonleptonic modes were employed [4] in our previous study.
The short-and long-distance contribution to B → ργ and the determination of the order of magnitude for B → γγ are described in the last two sections of this paper.
Effective Hamiltonian
The effective weak interaction Hamiltonian (local four-quark operator) describing the b → u transitions for charmless and strangeless B-meson decays at the tree level is
Here c ± are the QCD coefficients and (i, j) are the color indices. The parameters used to evaluate the c ± coefficients are
c − = 1.34, c + = 0.86.
Charmless and strangless B decays can also arise through a one-loop process involving gluon exchange. The relevant Hamiltonian is [2] 
Here q runs over all quark species, although only u and d are relevant to our discussion. We have used α s (m b ) = 0.256 as in (3), and
corresponding to m t = 150GeV .
Factorization approximation
From experience we know that nonleptonic decays are extremely difficult to handle. For example, the ∆I = 1/2 rule in K → ππ decays has not yet been understood in a satisfactory way. Enormous theoretical machinery has been applied to K → ππ decays producing only up to 50% agreement with experiment. For energetic decays of heavy mesons (D, B), the situation is somewhat simpler. For these decays, the direct generation of a final meson by a quark current is (probably) a good approximation. According to the current-field identities, the currents are proportional to interpolating stable or quasi-stable hadron fields. The approximation now consists only in taking the asymptotic part of the full hadron field, i.e. its "in" or "out" field. Then the weak amplitude factorizes and is fully determined by the matrix elements of another current between the two remaining hadron states. For that reason, we call this approximation the factorization approximation. Note that in replacing the interacting fields by the asymptotic fields, we have neglected any initial or final-state interaction of the corresponding particles. For B decays, this can be justified by the simple energy argument that one very heavy object decays into two light but very energetic objects whose interactions might be safely neglected. Also, diagrams in which a quark pair is created from the vacuum will have small amplitudes because these quarks have to combine with fast quarks to form the final meson. Note also that the 1/N c -expansion argument provides a theoretical justification for the factorization approximation, since it follows the leading order in the 1/N c expansion. Here N c is the number of colors.
Each of the B-decay mode might receive three different contributions. As an example we give one amplitude obtained from H w ef f :
The coefficients L(π 0 ), L(π + ) and L(B + ) contain the coupling constants, color factors, flavor symmetry factors, i.e. flavor counting factors and factors resulting from the Fierz transformation of the operators in Eqs. (1) and (4) . The coefficients L(π 0 ) and L(π + ) correspond to the quark decay diagram, whereas the L(B + ) corresponds to the so-called annihilation diagrams. These factors are different for each decay mode, as indicated by the dependence on the final-state meson. To obtain the amplitudes for other decay modes, one has to replace the final-state particles with the particles relevant to that particular mode.
The QCD coefficients appear in two different combinations in the amplitudes of various decay modes [5] :
The factor 1/N c arises from the color mismatch in forming color singlets after Fierz transformation.
We proceed with the definitions of the coupling constants and the Lorentz decomposition of the typical hadronic matrix elements:
Any hadronic matrix element needed to evaluate the branching ratios of the decays can easily be obtained from the above definitions. We assume that the momentum dependence of the form-factors f + (q 2 ), V (q 2 ), etc. from Eqs. (11) (12) (13) , is well described by single poles with masses of excited b-quark meson states (1 − , 0 − , ...) close to m B , i.e. we can use only the nearest pole dominance. The form factors at zero momentum transfer were calculated using the relativistic oscillator wave functions [3] . Now we give a few examples of the structure of the form-factors:
Here we have used
The couplings g ρ , g ω are determined from the ρ, ω → e + e − experimental rates:
For the ratio of the Kobayashi-Maskawa (K-M) matrix elements we use the central value |V ub /V bc | = 0.1ζ, where 0 < ζ < 1. Some examples of the branching ratios that arise from the tree-level Hamiltonian are
where
The results for all the modes using the tree-level Hamiltonian are given in Table 1 . The values of the branching ratios presented in Table 1 have been obtained by applying the N c → ∞ limit, i.e. for C 1 = 1.1 and C 2 = −0.24. We find that the penguin contributions to these decays are generally small. We therefore estimate the contribution to a few of the more interesting modes given in Table 1 . Finally note that the branching ratios BR are evaluated by normalizing the partial widths Γ to the B-meson lifetime, i.e. to the total B-meson decay width (for details, see Refs. [8, 9] ): 
1.3
4 Short and long distance contributions to B → ργ
In April this year the CLEO collaboration announced the experimental discovery of electromagnetic-penguin B decays B → K * γ. The information from Wilson Lab on 13-APR-1993 was the following [10] :
Using a data sample of 2.8×10 6 B-meson decays collected by the CLEO II detector operating at the Cornell Electron Storage Ring (CESR) it was possible to observe the rare b-quark decay b → sγ in the modes B 0 → K * 0 (892)γ and B − → K * − (892)γ (the charge conjugation was implied throughout). Details are given below in Table 2 . This is the first unambiguous evidence for penguin-type diagrams in weak decays.
TABLE 2
The CLEO collaboration experimental discovery of electromagneticpenguin B-decays [10] : B → K * γ. 
(*)This is the number of background events in the signal region divided by the number of background events in the sideband region from off BB resonance data. (**) This is the number of background events expected from BB events from the Monte Carlo simulation. Note that the background is dominated by non-BB processes.
The branching fractions were calculated by summing signal events, subtracting summed background events and dividing by summed efficiencies. In particular, the combined K * 0 and K * − number was NOT obtained by averaging the individual results, weighted by the statistical (or any other) error. The combined number was obtained by summing all signal events, subtracting all backgrounds and dividing by the sum of all efficiencies.
The short distance (SD) contribution to B → K * γ was proposed and obtained in several papers [11, 12] . The branching ratio obtained is of the form
HereF bs 2 (m t ) is the one-loop flavor-changing b → sγ vertex with QCD corrections, and f BK * 1 (0) is the form-factor of the operatorsσ µν q ν b R between the spin-one kaon resonance and the B meson, responsible for the b → sγ transition at q 2 = o, i.e. for the real photon. Details of the calculations are given in Ref. [8] . The BR SD is obtained by normalizing the partial width Γ SD (B → K * γ) to the B-meson lifetime (see Eq. (28)). For the top-quark mass m t = 150 GeV, we have found [8] :
which is in excellent agreement with the recent theoretical estimate [13] and is within the error of the measured branching ratio published recently by the CLEO collaboration [10] . The short distance contribution to B → ργ is dominated by the flavorchanging vertex b → dγ , which proceeds in one loop through the exchange of u,c and t quarks and the W-boson. For the emission of the real photon the only contributing operatordσ µν q ν b R gives the following branching ratio: [11, 12] shows that up to the mass symmetry-breaking effects, one can writeF
The calculations of the matrix element K * + (k) |sσ µν q ν b R | B + (p) , in the Relativistic Constituent Quark Model (RCQM) [8] gives approximately the same value as the calculation of this matrix element [13] in an effective chiral theory for mesons using flavor and spin symmetries of the Heavy Quark Effective Theory [HQET] . Detailed analysis of both calculations shows that up to the quark mass difference m s − m d , (which is negligible compared to the b-quark mass), we have
Equation (32) in the RCQM then gives
(33) From Eqs. (28), (30), (31) and (33) it is easy to find that
The ratio of the K-M matrix elements [9] |V td /V ts | = 0.10 to 0.33 and the last line in Table 2 gives the following range of values for BR SD (B → ργ):
It is appropriate here to comment on the long-distance (LD) contribution to B → ργ. The long-distance contribution to B → K * γ is discussed in detail in [14] . Despite of the conclusion in Ref. [14] that the rate for B → K * ψ cannot be used to give a unique value for B → K * γ, it is necessary to evaluate BR LD (B → ργ) by applying exactly the same procedure, as in Ref. [14] , as a check of consistency. We use the vector-meson dominance which leads to the vector-meson -photon conversion mechanism. This mechanism is known as a long-distance effect.
Owing to the gauge-condition and current-conservation requirements, for the real outgoing photon in the B → ργ mode we have that [8] A 0 = 0 and
In the N c → ∞ limit, i.e. for C 1 = 1.1 and C 2 = −0.24 and for |V ub /V bc | = 0.1, we have
Assuming that the recently quoted result [15] |V ub /V bc | ∼ = 0.08 is of reasonable accuracy, the above BR LD (B → ργ) should become smaller by at least a factor of two. This smaller branching ratio, together with Eq.(35), gives
This is similar to our previous result [14] obtained with the top quark mass m t = 150GeV for B → K * γ:
In the best case, the LD contributions to the total branching ratios represent < ∼ 2 % corrections for both B → K * γ and B → ργ. The similarity of the results in Eqs. (40) and (41) shows that the procedure used in this paper to obtain BR LD (B → ργ) is consistent with the procedure in Ref. [14] . This means that all conclusions drawn in [14] are directly applicable to this work and that the rates for B → ρρ, ρω, ωω cannot be used to give a unique value for B → ργ, i.e. Eq.(35) fully represents our prediction for the decay rate:
Here we have also take into account the errors in the measurements [10] of B → K * γ from Table 2 .
decay into the two-photon final state
In this case, we should only estimate the order of magnitude for BR(B → γγ). First, applying the vector-meson -photon conversion mechanism to the neutral B decay modes (ρ 0 ρ 0 , ρ 0 ω, ωω), we may evaluate BR LD (B → γγ) as
(43) For C 2 = −0.24 (in the N c → ∞ limit) and |V ub /V bc | = 0.1, we have
Next, comparing the experimentally measured ratio of widths for K s decays [9] with the ratio of our theoretical estimates from Eqs.(38,44) and Table  1 , we find that
Since the two rates are in reasonable agreement, it is justified to use the conversion mechanism to estimate the order of magnitude for the B 0 → γγ rate to be BR B 0 → γγ ∼ 10 −10 .
6 Discussion and conclusion
One can see from Table 1 Table 1 . Note also that the rates involving the (helicitysuppressed) combination (c − − 2c + ) 2 (or (c − − c + ) 2 in the N c → ∞ limit) are sensitive to the values of the QCD coefficients. Some experimental limits [6, 7] are also presented in Table 1 .
The CLEO II (Ref. [7] ) collaboration has recently reported the BR(B 0 → π + π − ) < 3.0 × 10 −5 at 90 % CL. This is a significant improvement upon the old results (CLEO 1.5)
and is welcome because it is a test of our approach within the standard model.
Before discussing B → ργ, let as briefly comment on B → γγ. Since the B → γγ decay is far beyond our experimental reach, we believe that the correct determination of the order of magnitude ∼ 10 −10 for BR(B → γγ) provides the most suitable value needed at this moment.
The most recent CLEO report [10] on BR(B → K * γ) = (4.5 ± 1.5 ± 0.9) × 10 −5 represents a confirmation of our SM prediction for the B → K * γ decay given six years ago [8] . This experimental result, despite of its great importance for the SM and the physics beyond the SM, enables us to predict the following value for the B → ργ decay within the SM:
BR (B → ργ) ∼ = (3.5 ± 3.3) × 10 −6 .
The range of the order of magnitude in Eqs.(42) and/or (48) is due to the range of values in the |V td /V ts | ratio [9] . Assuming that some other experiment might determine the ratio |V td /V ts | ∼ = 0.1, then at least 10 8 B 0B0 pairs have to be produced at CESR and collected by the CLEO detector to discover the electromagnetic penguin B-decays B → ργ. It is clear that 10 8 B-meson decays cannot be collected in the near future. However, it is encouraging that Cornell has an asymmetric B Factory [16] proposed as a further CESR upgrade.
On the other hand, if |V td /V ts | turns out to be ∼ = 0.3, then only 10 7 B
0B0
pairs have to be collected by the CLEO detector to discover the B → ργ decay. This scenario is much more promising because Cornell is currently upgrading the luminosity of CESR by at least a factor of five [17] . In the case of known top-quark mass, the measurement of BR(B → ργ) is an excellent tool for fixing the weak flavor-mixing parameters more precisely, such as the |V td /V ts | ratio.
As is well known, radiative B-meson decays are of importance as a test of the SM electroweak theory in one loop, because they verify the gauge structure of the theory. In addition, these decays might contribute to the discovery of new physics beyond the SM. Finally, note that the relative smallness of the branching ratio for B → ργ makes it more suitable for possible discovery of new physics than might be expected from the recently measured branching ratio for B → K * γ.
